1. Arteriovenous differences of amino acids across the mammary glands of lactating rats are diminished when the rats are starved for 24 h. 2. When 24h-starved rats were refed for 2'h, the arteriovenous differences of amino acids returned to values similar to those found in well-fed rats. 3. In order to find a possible explanation for these rapid changes, we tested the effect of ketone bodies on amino acid uptake by the gland. At 5 min after injection of acetoacetate to fed rats, when the total concentration of ketone bodies in blood was similar to that found in starvation, the uptake of amino acids by the mammary gland was similar to that found after starvation, i.e. lower than in fed rats. However, 30 min after administration of acetoacetate, when the arterial concentration of ketone bodies had returned to values similar to those in fed rats, the arteriovenous differences of amino acids were similar to those found in fed rats. 4. We conclude that the changes in blood ketone bodies may be responsible, at least in part, for the changes in amino acid uptake that occur in starvation and in the starvation-refeeding transition.
1. Arteriovenous differences of amino acids across the mammary glands of lactating rats are diminished when the rats are starved for 24 h. 2. When 24h-starved rats were refed for 2'h, the arteriovenous differences of amino acids returned to values similar to those found in well-fed rats. 3. In order to find a possible explanation for these rapid changes, we tested the effect of ketone bodies on amino acid uptake by the gland. At 5 min after injection of acetoacetate to fed rats, when the total concentration of ketone bodies in blood was similar to that found in starvation, the uptake of amino acids by the mammary gland was similar to that found after starvation, i.e. lower than in fed rats. However, 30 min after administration of acetoacetate, when the arterial concentration of ketone bodies had returned to values similar to those in fed rats, the arteriovenous differences of amino acids were similar to those found in fed rats. 4. We conclude that the changes in blood ketone bodies may be responsible, at least in part, for the changes in amino acid uptake that occur in starvation and in the starvation-refeeding transition.
The uptake of amino acids by mammary gland is tightly controlled. Indeed, we have shown that it is affected by hormonal factors such as prolactin (Viiia et al., 1981c) or by oestrogens and progesterone (Vifia et al., 198 la) as well as by local factors (Vifia etal., 1981d) .
The role of nutritional status, particularly starvation and refeeding, on carbohydrate and lipid metabolism has been thoroughly studied (Hawkins & Williamson, 1972; Robinson et al., 1978; Baxter et al., 1978; Munday & Williamson, 1981) . However, little was known about the role of the starvation-refeeding transition on amino acid uptake by mammary gland. Here we show that starvation for 24 h significantly decreases amino acid uptake by the gland and that this is reversed by short-term (21h) refeeding. Infusion of acetoacetate to fed rats, to give arterial blood concentrations of ketone bodies similar to those found in starved rats, results in decreases in amino acid uptake similar to those found in starved rats, thus showing that ketone bodies may be very important in the control of amino acid uptake by mammary gland.
Experimental

Animals
Rats at peak lactation were fed ad libitum on a standard diet for rats and mice from Prasa, Vara de
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Quart, Valencia, Spain. All experiments were started between 10:00 and 11:00h. Rats were maintained on a 12 h-light/12 h-dark cycle, the light period being 08:00-20:00h. In all cases the rats had seven to ten pups. The rats were anaesthetized with Nembutal [50mg/kg body wt. in saline (0.9% NaCl)] and kept with their litters for about 3min after onset of anaesthesia.
Studies in vivo
Samples of blood from rats (well-fed, starved for 24h, or refed for 2'h after 24h starvation) were collected from the aorta and from the pudicepigastric vein as described by Hawkins & Williamson (1972) . The blood samples were deproteinized and used for amino acid analysis.
To study the effect of ketone bodies on amino acid uptake we proceeded as follows. After anaesthesia, a sample of venous blood was collected from the left pudic-epigastric vein into a heparinized syringe with a 25-gauge needle. The inguinal mammary gland of the same side was quickly dissected out and rapidly cut free and clamped between tongs cooled in liquid N2 (Wollenberger et al., 1960) . Then acetoacetate (0.5 ml of a 1 M solution) or physiological saline (0.5 ml) was injected into the femoral vein of the same side. After 5 or 30min a sample of venous blood was collected from the right pudic-epigastric vein, and a piece of inguinal mammary gland of this side was freeze-clamped. A sample of arterial blood was then immediately collected from the aorta. This experimental procedure is convenient because it permits the measuring of the arteriovenous differences before and after administration of ketone bodies in the same animal. However, it has some shortcomings, particularly that it is very stressful to the animal. In order to test if the surgical procedure used could affect the arteriovenous differences of amino acids across the gland, we performed experiments in which the same experimental procedure was used, except that physiological saline was injected instead of a solution of acetoacetate, and we found that the arteriovenous differences of amino acids were not different from those of control rats (results not shown), thus proving that the effects observed were due to acetoacetate itself and not to the experimental procedure used.
Blood samples were added to 2 ml of 6% (w/v) HC104, and the mixtures were centrifuged in a Sorvall GLC-1 centrifuge at 3000 rev./min for 10min to remove protein. The supernatant was neutralized with 20% (w/v) KOH, and the KC104 precipitate was removed by centrifugation (3000rev./min). This final supernatant was decanted off and used for determination of metabolites. The freeze-clamped tissue was powdered in liquid N2 with a pestle and mortar, and a portion of the frozen powder (about 1 g) was extracted with 4 vol. (v/w) of J. R. Vifia, I. R. Puertes, J. B. Montoro and J. Vin-a 6% HC104 by homogenization with a motor-driven Teflon homogenizer. The extract was centrifuged to remove protein and the final supernatant was neutralized with 20% KOH. The KC104 precipitate was removed by centrifugation. This final supernatant was decanted off and used for assays.
Determination ofmetabolites
The following metabolites were determined by enzymic methods: glucose (Slein, 1963) ; L-lactate (Gutmann & Wahlefeld, 1974) ; pyruvate (Czok, & Lamprecht, 1974) , acetoacetate and D-3-hydroxybutyrate (Williamson et al., 1962) .
Blood samples for amino acid analysis were treated as described by Vinia et al. (198 lb) .
Results
Effect of starvation and refeeding on arteriovenous differences of amino acids across the mammary gland Table 1 shows that the arteriovenous differences of amino acids across the mammary gland of lactating rats are greatly diminished when compared with controls. Although the arterial concentrations of amino acids in 24h-starved rats are lower than in controls, the ratio arteriovenous differences/arterial concentration of amino acids is diminished, thus showing that the decreased uptake Table 1 . Effects of starvation and refeeding on arteriovenous differences of amino acids across the mammary gland of the rat For details see the text. Values are mean + S.D. for the numbers of experiments in parentheses. Arteriovenous differences that are statistically different from controls are expressed: *P < 0.005, **P < 0.0005. of amino acids is not a result of a diminished arterial concentration. However, when 24h-starved rats were refed (2 h), both the arterial concentration of amino acids and the arteriovenous differences across the mammary gland returned to values similar to the controls.
Effect of ketone bodies on amino acid uptake by mammary gland
The short-term changes in amino acid uptake by mammary gland observed in the starved-refed transition indicated that metabolic changes that occur in this situation might be responsible for the changes in amino acid uptake by the gland.
Ketone bodies were considered a possible signal for amino acid metabolism. Indeed, their role as a signal to control glucose metabolism by the gland was proposed by Robinson & Williamson (1977) . Thus we tested the effect of administration of acetoacetate as described in the Experimental section. Table 2 shows that 5 min after acetoacetate injection the concentrations of acetoacetate and 3-hydroxybutyrate were significantly higher than in controls, resulting in a total concentration of ketone bodies of 1.5 mM, a concentration found in normal human beings after starvation (Williamson & Hems, 1970) , but somewhat higher than that found by Hawkins & Williamson (1972) Acetoacetate injection (5 min) (7) Acetoacetate injection (30 Vol. 216 J. R. Vifia, I. R. Puertes, J. B. Montoro and J. Vifia Table 3 shows that 5 min after acetoacetate injection, i.e. when the total concentration of ketone bodies was 1.5 mm, the arteriovenous differences of amino acids were significantly lower than in controls. However, 30min after acetoacetate injection, i.e. when the arterial concentration of ketone bodies had returned to control values, the arteriovenous differences of amino acids were not significantly different from controls. This effect of ketone bodies may explain, at least in part, the decrease of amino acid uptake by the gland induced by starvation.
Sodium acetoacetate was used in these experiments. Fery & Balasse (1980) found that infusion of NaHCO3 for 3 h had similar effects to sodium acetoacetate on alanine metabolism by human skeletal muscle, thus showing the importance of the cation on the effect of sodium acetoacetate in muscle amino acid metabolism. To test if the observed effect was due to the amount of Na+ injected, we injected 0.5 ml of 1 M-NaHCO3 (i.e. the same molar amount as that used with sodium acetoacetate) and found that the arteriovenous differences of amino acids were similar to those of controls (results not shown), thus showing that the observed effects are due to acetoacetate itself and not to the amount of Na+ administered.
Discussion
The arteriovenous differences of amino acids are greatly decreased by starvation for 24h. However, they return to control values after the animals are refed for 2'h. We have observed that rglutamyl transpeptidase is involved in amino acid uptake by mammary gland (Vinia et al., 198 1b) and that changes in the activity of this enzyme induced by prolactin (Vifia et al., 1981c) , by weaning (Vifia et al., 1981d) or by oestrogens and progesterone 198 la) are always followed by parallel changes in amino acid uptake. Thus we tried to find if y-glutamyl transpeptidase activity in mammary gland was affected by starvation or by ketone bodies, but found that neither affected this activity in mammary gland, thus showing that the observed effects are independent of the y-glutamyl cycle (Meister, 1973) .
- Robinson & Williamson (1977) (Tischler, 1980) and decreases in the rate of protein synthesis (Hedden & Buse, 1982) in muscle. In the present paper we show that increases in [NAD+] /[NADHI ratio promoted by the administration of ketone bodies decreases amino acid uptake by the gland. These changes in amino acid uptake are not followed by parallel changes in amino acid concentration in the mammary gland. Thus the concentration of amino acids in mammary glands freeze-clamped 5 min after injection of acetoacetate was similar to that found in controls (results not shown) in spite of the amino acid uptake being dramatically decreased (Table 3 ).
This shows that the changes in amino acid uptake are probably due to metabolic changes induced by ketone bodies and probably mediated by changes in the (NAD+]/[NADHI ratio. Since the arteriovenous differences of all the amino acids are affected, it is very likely that the changes are related to protein synthesis and/or proteolysis.
The uptake of substrates by an organ depends on blood flow as well as on arteriovenous differences. We have measured arteriovenous differences. However, under the circumstances studied, the blood flow is either unaltered or must change in the same direction as the arteriovenous differences. Indeed, mammary-gland blood flow may decrease in the starved rat, as occurs in the goat (Annison et al., 1968) . Thus the changes in net amino acid uptake by the gland will be greater than the arteriovenous differences indicate. Arteriovenous differences have been used to estimate the uptake of carbohydrate and lipid metabolites by the gland (Hawkins & Williamson, 1972) .
In the present paper we show that amino acid uptake by mammary gland is decreased by 24h starvation. This effect is completely reversed by short-term (21h) refeeding. These rapid changes in amino acid uptake may be caused by changes in blood concentration of ketone bodies, because administration of acetoacetate to fed rats promotes an inhibition of amino acid uptake. The fact that an increase in blood ketone bodies brings about a decrease in uptake of glucose (Robinson & Williamson, 1977) as well as in amino acid uptake by mammary gland provides a common mechanism to explain the inhibition of lactation during starvation.
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